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Abstract 
Over the past two decades, significant research endeavors have been successful in increasing the 
power conversion efficiencies (PCE) of photovoltaic device. Most studies in this field have focused 
on developing new molecular structures and engineering new device architectures in order to optimize 
light absorption and extract this absorbed energy as efficiently as possible. There are specific 
molecular structures which has energy harvesting ability responding light such as benzodithiophene 
(BDT), diketopyrrolopyrrole (DPP), isoindigo (IIG), dithienosilole (DTS), and so on.  
Among a large number of molecular chromophores reported in the literature, DTS moiety is the 
silicon (Si) heteroatom implanted at the center of the molecule. Within the organic solar cell 
community, DTSi analogue, namely dithienogermole (DTGe)−in which the Si atom is replaced with 
germanium (Ge) atom−has been demonstrated. 
In accordance with this, in chapter 1, I performed in-depth study about the underlying structure-
property relationships in a relevant class of Ge-containing small semiconductors; how the substitution 
affects morphology, crystal structure, optical, thermal and material properties compared to the 
analogous Si-containing small molecules. Furthermore, I characterize the influence of different end-
capping groups, bithiophene (Th2) and benzofuran (BFu) coupled with the Ge-fused core backbone. 
In chapter 2, with DTGe(FBTTh2)2 which described in chapter 1, a thiophene unit is inserted to that 
small molecule for extending π-conjugated system. A thiophene unit is generally known for having 
the donating nature which can flow electron from it to the electron deficient unit. In this thesis, by 
introducing simple thiophene unit with systematic study of two set of molecular structure, we have 
laid the foundation of how donating bundle influence frontier orbital energy levels, crystalline 
structure, device performance, and so on. 
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Research Background of Organic Photovoltaics 
1. History and Basics of Organic Photovoltaics (OPVs) 
The solar cells have substantially considered a promising technology as environmentally friendly 
energy-converting devices utilizing infinite solar energy. Especially, organic photovoltaic materials 
are of interest for low-cost, solution-processing, light weight, flexibility and wide chemical 
functionalities compared with inorganic materials, even though still relatively low efficiencies have 
been remaining obstacles. In order to improve the performance of organic solar cells, various attempts 
are made to provide information regarding the each donor and acceptor materials. The substantial 
researches have been started from the discovery of perylene-iodine complex in 1954 which has highly 
conducting properties. After that, high electrical conductivity material, polyacetylene with iodine 
doped, discovered by Shirakawa, Heeger, and MacDiarmid helped to initiate the field of organic 
conductive polymers.  
 
Figure 1. Photovoltaic research history and world best efficiency records 
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2. Principle of OPVs 
Some devices can convert visible light into electricity, so called Organic Photovoltaic (OPV), using 
photoactive layers comprised of donor and acceptor semiconducting organic materials.  
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Figure 2. (a) Schematic illustration and (b) operating mechanism of OPVs 
When the active materials absorb a photon, the exciton is generated and diffuse to the interface 
between donor and acceptor, as depicted in Figure 2(b). Exciton is electron-hole pair bound together 
by electrostatic interactions which is excited state after photon absorption. This electron-hole pair is 
separated into free electrons and holes and move to the each corresponding electrodes. At this step, 
the percentage of the excitons that go through the charge transfer process calls ‘charge separation 
efficiency (ηCS)’, while the percentage of the excitons collected by the electrodes is the ‘charge 
collection efficiency (ηCC)’.  
The power conversion efficiency (η) is the percentage of the solar energy shining on the PV devices 
that is converted into electrical energy and η is given by the following equation:  
PCE (η) = VOC × JSC × FF/Pin. 
Where Pin is the input power, JSC is the short-circuit current density obtained under short circuit 
conditions (V = 0), VOC is the open-circuit voltage obtained when there is no current flow, FF is 
defined as the ratio of its maximum power to the product of JSC and VOC. These factors are crucial for 
solar cells with high performance efficiency.
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3. Comparison between Polymeric and Nonpolymeric-containing OSCs  
 
Figure 3. Comparison of photovoltaic efficiency between small-molecules and polymers by year.  
 
Most studies in this field have focused on developing new molecular structures and engineering new 
device architectures in order to optimize light absorption and extract this absorbed energy as 
efficiently as possible. Among the most successful synthetic approaches to designing new molecular 
structures has been the push–pull chromophore approach, in which electron donating (D) and electron 
accepting (A) aromatic moieties are coupled via a π -bridge (D–A structure), leading to 
semiconducting materials with intense charge transfer absorption bands and tunable energy band 
structures.[1] 
Conjugated polymeric materials have dominated the field of BHJ solar cells, however, small molecule 
BHJ materials have received increasing attention due to their well-defined molecular structures, ease 
of functionalization, amenability to standard organic purification, and characterization methods and 
reduced batch-to-batch variability compared to polymer materials.[2] Although extensive research 
efforts have led to a clear understanding of how to design molecular chromophores with suitable 
absorption characteristics and energy band structures,[3] it remains a considerable challenge to design 
small molecules that simultaneously possess electronically functional crystal structures, which are 
able to spontaneously self-assemble into desirable BHJ morphologies while maintaining good 
solubility in organic solvents.[4]  
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4. Brief Concept of Dithienogermole (DTGe) Moiety 
 
 
Figure 4. Illustration of each atom included in DTX core unit. 
 
Particularly, most of promising organic donor materials in OPVs have rigid and planar cyclic 
backbones such as benzodithiophene, carbazole, fluorene, cyclopentadithiophene, dithienosilole and 
so on. Among this class of fused-ring heterocycles, bithiophene system fused by the carbon and 
silicon which located to group 14 in periodic table have shown high charge mobilities by 
incorporating into polymers. 
Among a large number of molecular chromophores reported in the literature, relatively few structures 
possess all of these qualities. A molecular platform based on the dithienosilole (DTSi) moiety, 
developed by Bazan and coworkers[5] has led to the material 7,7′-(4,4-bis(2-ethylhexyl)-4H-silolo[3,2- 
b:4,5-b′]dithiophene-2,6-diyl)bis(6-fluoro-4-(5′-hexyl-[2,2′-bithiophene]-5-yl)benzo[c][1,2,5]thiadia-
zole), DTSi(FBTTh2)2, which has proven to be among the most successful molecular chromophore 
structure known to date, delivering PCE up to 9% in a single junction device. One of the 
distinguishing features of DTSi(FBTTh2)2 is the silicon (Si) heteroatom implanted at the center of the 
molecule. Within the organic solar cell community, DTSi analogue, namely dithienogermole 
(DTGe)−in which the Si atom is replaced with germanium (Ge) atom−has been demonstrated. 
Notably, DTGe-based polymers have been synthesized, and found to yield excellent solar cell 
performance with PCE of up to 8%. The high performance of these DTGe-based polymers has been 
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attributed to the relatively larger Ge atom, which results in a further enhancement in ordering and 
allows strong π -stacking interactions.  
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5. The Synthetic Method of Aryl-Aryl Cross-Coupling Reaction  
 (a) 
 
 
(b) 
 
 
Figure 5. Mechanism of Stille coupling reaction. 
 
The Stille reaction, or the Migita-Kosugi-Stille coupling, discovered in 1977, is the powerful organic 
reaction between stannanes and halides or pseudohalides forming C-C bond using a palladium catalyst. 
The reaction is usually conducted under inert condition to prevent unwanted homo coupling of 
organic stannyl compounds. Tetrakis(triphenylphosphine)palladium(0), in short Pd(pph3)4, and 
tris(dibenzylideneacetone)dipalladium(0), in short Pd2(dba)3 is commonly used as the catalyst. The 
mechanism, as depicted in Figure 5, begins with oxidative addition of the organo halide to the Pd(0) 
to form a Pd(II) complex (3). After this increasing oxidation state of Pd, transmetallation and 
reductive elimination are followed, regenerating the palladium catalyst and yielding the compound.
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Chapter 1. Study on Structural Variation of DTGe-Containing Small-Molecules by Tuning End-
Capper 
 
 
 
 
Figure 6. Chemical structure of small molecules
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1.1. Introduction 
The development of clean and renewable energy is among the major scientific and technological 
challenges of the 21st century. The virtually limitless energy available as sunlight makes photovoltaic 
devices a tantalizing and fascinating possibility as a future, renewable energy source. In order to 
harness solar energy cheaply and efficiently, organic bulk heterojunction (BHJ) solar cells have 
emerged as a technology with unique potential. Over the past two decades, significant research 
endeavors have been successful in increasing the power conversion efficiencies (PCE) of this type of 
device to over 10%.[6]  
Despite the potential utility of DTGe skeleton, the use of DTGe in small molecule solar cells has not 
yet been investigated thoroughly. 
 In this contribution, we have synthesized and investigated two Ge-containing small molecules, 4,4’-
bis-(2-ethylhexyl)-dithieno[3,2-b:2',3'-d]germole as the donor, namely 7,7'-(4,4-bis(2-ethylhexyl)-4H-
germolo[3,2-b:4,5-b']dithiophene-2,6-diyl) bis(6-fluoro-4-(5'-hexyl-[2,2'-bithiophen]-5-
yl)benzo[c][1,2,5]thiadiazole) DTGe(FBTTh2)2 and 7,7'-(4,4-bis(2-ethylhexyl)-4H-germolo[3,2-b:4,5-
b']dithiophene-2,6-diyl)bis(4-(benzofuran-2-yl)-6-fluorobenzo [c][1,2,5] thiadiazole) 
DTGe(FBTBFu)2. A schematic diagram comparing the molecular structures are included in Figure 6. 
During the final stages of this project, Sun and coworkers reported one of the DTGe derivatives used 
in this study,[7] herein, my in-depth in study reveals the underlying structure-property relationships in 
a relevant class of Ge-containing small semiconductors; how the substitution affects morphology, 
crystal structure, optical, thermal and material properties compared to the analogous Si-containing 
small molecules. Furthermore, we characterize the influence of different end-capping groups, 
bithiophene (Th2) and benzofuran (BFu) coupled with the Ge-fused core backbone. Chapter 1 is 
reproduced in part with permission of “Dithienogermole-Containing Small-Molecule Solar Cells with 
7.3% Efficiency: In-depth Study on the Effects of Heteroatom Substitution of Si with Ge” from M. 
Moon, et al., Advanced Energy Materials. 2015, 5, 1402044. 
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1.2. Results and Discussion 
1.2.1. Synthesis and Characterization 
 
 
Scheme 1. Brief synthetic route to DTGe(FBTTh2)2. 
 
 
 
 
 
Scheme 2. Brief synthetic route to DTGe(FBTBFu)2. 
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The two DTGe small molecules were synthesized by affixing different end-capping groups to the 
fixed DTGe core unit as illustrated in Figure 6. The compounds were built up by coupling Ge-based 
bistannylated monomers (DTGe) with corresponding monobrominated moieties via a microwave-
assisted Stille coupling (Scheme 1 and 2). The preparation of the precursors and general synthesis are 
described in the Experimental section. For the sake of comparison, the DTSi analogues were also 
synthesized as reference molecules using the same approach. All final target small molecules exhibit 
excellent solubility in organic solvents such as chloroform, THF, chlorobenzene, and dichlorobenzene. 
 
 
 
TMS-DTGe-TMS 
 
Scheme 3. Synthesis of TMS-DTGe-TMS
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1.2.2. Thermal Properties 
Differential scanning calorimetry (DSC) traces of DTGe(FBTTh2)2 and DTGe(FBTBFu)2 are shown 
in Figure 7, presenting melting transitions at 200 oC and 220 oC respectively on heating. Additionally, 
DTGe(FBTTh2)2 shows crystallization transitions at 160 oC while no observable peak in 
DTGe(FBTBFu)2 on cooling but cold crystallization transition at 130 oC on heating. The thermal 
property of DTGe(FBTBFu)2 is significantly different from that of DTGe(FBTTh2)2 with subtle 
change in molecular structure. In general, as increasing in the size of the molecule, a higher 
temperature is required to disrupt crystallinity. Thus, the lower melting point of DTGe(FBTTh2)2 can 
be attributed to the presence of hexyl side chains at the ends of the molecule in comparison with 
DTGe(FBTBFu)2. 
 
Figure 7. DSC curves for two small molecules in the temperature range of 25 to 270 oC. 
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1.2.3. Optical and Electrical Properties 
 
Table 1. Frontier orbital energies of DTGe(FBTTh2)2 and DTGe(FBTBFu)2 measured by cyclic 
voltammetry 
Material HOMO (eV) LUMO (eV) Eg  
(eV) 
DTGe(FBTTh2)2 (CV) -5.15 -3.65 1.50 
DTSi(FBTTh2)2 (CV) -5.20 -3.74 1.50 
DTGe(FBTBFu)2 (CV) -5.25 -3.68 1.57 
DTSi(FBTBFu)2 (CV) -5.33 -3.61 1.72 
 
 
 
The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 
frontier energy levels of DTGe(FBTY)2 were estimated from solution cyclic voltammetry (CV), 
showing a deep HOMO level and appropriate energy band gap for both compounds. The related 
electrochemical characteristics are listed in Table 1. 
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Figure 8. Cyclic voltammetry (CV) of the two small molecules (scan rate, 10 mVs−1). 
 
The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 
frontier energy levels of DTGe(FBTY)2 were estimated from solution cyclic voltammetry (CV), 
showing a deep HOMO level and appropriate energy band gap for both compounds. The related 
electrochemical characteristics are listed in Table 1. Arrows in Figure 8 represent the ferrocene 
onsets. The HOMO and LUMO energy levels were calculated to be -5.15 and -3.65 eV (Eg=1.50) for 
DTGe(FBTTh2)2 and -5.25 and -3.68 eV (Eg=1.57) for DTGe(FBTBFu)2, respectively. 
DTGe(FBTBFu)2 shows a deeper HOMO energy level than that of DTGe(FBTTh2)2. Thereby, 
DTGe(FBTBFu)2–based solar cells are expected to yield relatively higher open-circuit voltages. Both 
compounds have reversible and distinct oxidation peaks, indicating their ability to donate electrons 
and function effectively as donor materials when mixed with acceptor materials. 
-1.5 -1.0 -0.5 0.0 0.5 1.0
C
u
rr
e
n
t 
D
e
n
s
it
y
 (

A
)
Potential (V)
 DTGe(FBTTh2)2
 DTGe(FBTBFu)2
-1.5 -1.0 -0.5 0.0 0.5 1.0
Potential (V)
C
u
rr
e
n
t 
D
e
n
s
it
y
 (

A
)
 DTSi(FBTTh
2
)
2
 DTSi(FBTBFu)
2
 
20 
 
 
Figure 9. Frontier orbital geometries and electrostatic potentials calculated by density functional 
theory for (a) DTGe(FBTTh2)2 and (b) DTGe(FBTBFu)2. 
 
DTGe(FBTTh2)2 and DTGe(FBTBFu)2 molecules were modeled in their minimum energy, ground-
state configuration. 2-Ethylhexyl and n-hexyl alkyl chains were truncated to methyl groups in order to 
allow convergence on a minimum energy conformation. For comparison, DFT calculations using the 
same basis set and parameters were performed for the Si-containing analogues DTSi(FBTTh2)2 and 
DTSi(FBTBFu)2. Frontier orbital geometries are reported in Figure 9, while frontier orbital energies 
are tabulated in Table 2.  
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Table 2. Frontier orbital energies of DTGe(FBTTh2)2 and DTGe(FBTBFu)2 calculated by DFT 
Material HOMO (eV) LUMO (eV) Eg  
(eV) 
DTGe(FBTTh2)2 (DFT) -4.693 -2.804 1.889 
DTSi(FBTTh2)2 (DFT) -4.700 -2.808 1.891 
DTGe(FBTBFu)2 (DFT) -4.879 -2.883 1.996 
DTSi(FBTBFu)2 (DFT) -4.887 -2.887 2.000 
 
The HOMO and LUMO orbitals of the molecules are typical of conjugated molecules with the 
electron density of the HOMO orbitals being localized on the double bonds of the thienyl rings and 
the E1g orbitals of the benzenoid sub-units of the benzothiadiazole (BT) moieties. The LUMO orbitals 
are localized on the heteroatoms (nitrogen and sulfur) of the BT moieties and on the bonds linking the 
aromatic rings and double bonds arranged in the quinoid structure. The LUMO orbital energies of 
DTGe(FBTTh2)2 and DTGe(FBTBFu)2 are found to be 2.804 and 2.883 eV, respectively, while the 
HOMO orbital energies are 4.693 and 4.879 eV, respectively, indicating band gaps of 1.889 and 1.996 
eV, respectively. These results suggest that primary effect of changing the terminal Th2 moieties to 
BFu moieties on the frontier orbitals is to s5tabilize the HOMO orbital and concomitantly increase in 
band gap and this result is well matched with the result of cyclic voltammetry. It is noteworthy that 
neither the HOMO nor the LUMO orbitals are localized on the Ge (or Si) heteroatoms. The fact that 
the frontier orbitals are not located on the Si or Ge atoms is consistent with the observation that 
changing the central bridgehead atom from Si to Ge has almost no influence on the calculated HOMO 
or LUMO orbital energies. LUMO, HOMO, and band gap energies were found to be 2.808, 4.700 and 
1.892 eV for DTSi(FBTTh2)2 and 2.821, 4.677 and 1.856 DTSi(FBTBFu)2, respectively. These all 
values have no significant difference of the Ge analogues and thus virtually indistinguishable. 
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Figure 10. UV–vis absorption spectra of (a) solutions of DTGe(FBTTh2)2 and DTGe(FBTBFu)2 in 
chloroform; (b) thin films of pristine DTGe(FBTTh2)2 and DTGe(FBTBFu)2 BHJ spin-cast from 
chlorobenzene as well as (c) optimized DTGe(FBTTh2)2:PC71BM and DTGe(FBTBFu)2:PC71BM BHJ 
spincast-cast from chlorobenzene with 0.4% DIO additive. Data for DTSi(FBTTh2)2 and 
DTSi(FBTBFu)2 are included for comparison (dashed lines). 
 
Figure 10 shows the optical absorption spectra of DTGe(FBTTh2)2  and DTGe(FBTBFu)2 in 
chloroform solution, as spin-cast thin films and as optimized BHJ with PC71BM. The two compounds 
exhibit broad optical absorption attributed to localized π−π* and internal charge transfer transitions. 
Such absorption profiles are typical of donor−acceptor type π-conjugated molecules. In chloroform, 
DTGe(FBTTh2)2 exhibits an absorption maximum and absorption onsets (λmax and λonset) at 589 nm 
and 665 nm, respectively, while λmax and λonset of DTGe(FBTBFu)2 occur at 579 nm and 640 nm, 
respectively, where λmax corresponds to the charge-transfer absorption band in both cases. The 
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extinction coefficients of DTGe(FBTTh2)2 and DTGe(FBTBFu)2 at λmax are found to be 67,880 and 
59,600 M-1cm-1, respectively. It is notable that the molar extinction coefficient (ε) of the charge 
transfer band of the BFu terminal molecules is lower than ε of the Th2 terminal molecules. This 
observation is consistent with the TD-DFT models. Although the TD-DFT models predict that there 
should be almost no difference in extinction coefficient or λmax when the Ge molecule is replaced with 
Si, experimental results show that the Si cored molecules have λmax values which are blue-shifted by 5 
nm (589 and 584 nm, for DTGe(FBTTh2)2 and DTSi(FBTTh2)2 respectively), λonset values which are 
slightly blue-shifted (661 and 635 nm, respectively) and slightly lower ε values (59,010 and 53,070 
M-1cm-1 for DTSi(FBTTh2)2 and DTSi(FBTBFu)2, respectively) than the Ge analogues. It should be 
noted that the differences in ε are close to the experimental error in the measurement due to the small 
amount of material used to make the solutions (2.0 mg +/- 0.1 mg) and relatively fast evaporation rate 
of chloroform solvent.  
Absorption spectra of films of each material were taken by averaging spectra from films with 3 
different thicknesses, where the thickness of each film was measured in several locations by a recently 
calibrated atomic force microscope in order to accurately calculate extinction coefficients (α). λmax 
were found to occur at 694 and 635 nm for DTGe(FBTTh2)2 and DTGe(FBTBFu)2, respectively, with 
α values of 55,690 +/- 1,790 and 43,580 +/- 1,910 cm-1, respectively. It is notable that the extinction 
coefficient of DTGe(FBTTh2)2 is greater than DTGe(FBTBFu)2 in the solid state as well as in solution. 
The film absorption spectra reveal red-shifted λonsets compared to the solution spectra by ~93 nm and 
~60 nm for DTGe(FBTTh2)2 and DTGe(FBTBFu)2, respectively. The red-shift can be attributed to 
aggregation and intermolecular π−π interactions in the solid state. The red-shift of DTGe(FBTTh2)2 is 
greater than the red-shift of DTGe(FBTBFu)2, indicating that the dithienylhexyl moiety in 
DTGe(FBTTh2)2 facilitates ordered packing relative to the BFu moiety in DTGe(FBTBFu)2 and leads 
to greater electronic delocalization in the solid state.  
Compared to DTGe(FBTTh2)2, the absorption characteristics of DTSi(FBTTh2)2 are almost identical 
and consistent with previous reports.[8] DTSi(FBTTh2)2 and DTSi(FBTBFu)2 exhibit λmax at 693 and 
631 nm, with α values of 54,800 +/- 2,970 and 44,050 +/- 600 cm-1, respectively and λonset at 747 and 
695 nm, respectively. 
Absorption spectra were taken for optimized BHJ films processed with 0.4% 1,8-diiodooctane (DIO) 
and annealed at 80 oC. These absorption spectra are consistent with the sum of absorption spectra of 
the pure donor materials and PC71BM. The combination of DTGe(FBTTh2)2 and PC71BM lead to 
strong absorption with an optical density over 0.3 from 300 nm to about 725 nm, while 
DTGe(FBTBFu)2 and PC71BM absorb strongly throughout the visible spectrum up to about 675 nm. 
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1.2.4. Thin-Film Microstructure Analysis 
Microstructure analysis was carried out using grazing incidence X-ray diffraction (GIXD) analyses to 
investigate the crystalline nature and molecular orientation of DTX(FBTY)2 materials. For each 
material, 3 conditions were investigated including pristine as-cast films, as-cast BHJ with PC71BM 
and optimized BHJ with PC71BM using 0.4% DIO processing additive. The representative GIXD 
images for pristine DTGe(FBTTh2)2 and optimized DTGe(FBTTh2)2:PC71BM are shown in Figure 11. 
 
Figure 11. Grazing incidence X-ray diffraction patterns of (a) pure DTGe(FBTTh2)2 film and (b) 
DTGe(FBTTh2)2:PC71BM film processed with 0.4% DIO and thermal annealing at 80 oC 
 
(a)
(b)
Pristine-DTGe(FBTTh2)
Optimized-DTGe(FBTTh2)2
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The GIXD pattern of the Th2-containing small molecules clearly exhibit crystalline peaks while BFu-
containing small molecules show poor crystallinity with or without the processing additive DIO (S4). 
The lamellar spacing (~14 Å) and π−π stacking distances (~3.5 Å) for the BFu-containing moieties 
are smaller than Th2-containing moieties, showing less steric hindrance, and to not differ considerably 
between molecules with DTSi or DTGe cores. At this point, Th2-containing small molecules which 
have alkyl chains at the end group seem like have higher steric hindrance, but these compounds are 
effectively packed each other led to higher PCE from the device results. It is noteworthy that the Th2-
containing small molecules show stronger π−π stacking peaks compared to those with BFu moieties, 
despite the rigid, planar nature of the BFu group and shorter π−π stacking distance. These results 
indicate that the hexyl-Th2-containing DTGe small molecule are better able to self-assemble into 
crystalline structures, which may transport charge carriers more easily and can provide rational for the 
observed differences in morphology and photovoltaic device performance. As with the Th2 terminated 
molecules, the molecules with BFu end groups showed more intense diffraction patterns with DTGe 
cores compared to the DTSi analogues. 
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Figure 12. Bright-field transmission electron microscopy images comparing BHJ of 
DTGe(FBTTh2)2:PC71BM (a,b,e,f) and DTGe(FBTBFu)2:PC71BM.(c,d,g,h) processed by thermal 
annealing at 130 oC (a-c) and using 0.4% DIO solvent additive (e-h) at different magnifications. 
 
In order to investigate the internal morphology of DTGe(FBTTh2)2 and DTGe(FBTBFu)2, specimens 
of different BHJ films were prepared under different processing conditions including as-cast, 
thermally annealed at 130 oC and processed with 0.4% DIO. Samples were mounted on lacey carbon 
TEM grids via the float-off technique and examined by TEM. These images are reported in Figure 12.  
As-cast BHJ of DTGe(FBTTh2)2 and DTGe(FBTBFu)2 do not exhibit structural features which could 
be identified by TEM. However, thermal annealing of DTGe(FBTTh2)2 and DTGe(FBTBFu)2 BHJ at 
130 oC leads to clear structural features. In the case of DTGe(FBTTh2)2, large needle-like features 
appear with lengths of 200 to 500 nm and widths of 20 to 40 nm. These features are very similar to 
features observed in DTSi(FBTTh2)2 BHJ after annealing at 130 oC.[4b] DTGe(FBTBFu)2 BHJs show a 
morphology resembling a thatched network after annealing. When the optimal processing conditions 
for solar cell devices are used with DTGe(FBTTh2)2 (0.4% DIO and annealing at 80 oC), a dense 
network of truncated needlelike features is observed. The needle like features are similar to those 
observed upon thermal annealing, but shorter and more densely packed. Compared to the morphology 
of optimal DTSi(FBTTh2)2 devices reported by Love et al.,[4b] the morphology is very similar, with 
truncated needles having an average width of 19 nm and lengths ranging from 25 to 100 nm with an 
average length of 47 nm. Although the defocusing used to obtain clear images of the crystals make 
quantitative comparisons difficult, it appears that the size and density of crystal features in the 
DTGe(FBTTh2)2 compound may be slightly greater than the Si analogue; an average of 62 truncated 
(a)
(e)
(b)
(f)
(c)
(g)
(d)
(h)
DTGe(FBTTh2)2
DTGe(FBTTh2)2
130 oC
0.4% DIO
DTGe(FBTTh2)2
DTGe(FBTTh2)2
130 oC
0.4% DIO
DTGe(FBTBFu)2
DTGe(FBTBFu)2
130 oC
0.4% DIO
DTGe(FBTBFu)2
DTGe(FBTBFu)2
130 oC
0.4% DIO
27 
 
needle like features were counted per square micrometer in DTGe(FBTTh2)2 whereas an average of 
44 features per square micrometer are apparent in the DTSi(FBTTh2)2 material under the same 
imaging conditions.
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Figure 13. Atomic force microscopy images comparing optimized morphologies of (a,e) 
DTSi(FBTTh2)2 , (b,f) DTGe(FBTTh2)2, (c,g) DTSi(FBTBFu)2 and (d,h) DTGe(FBTBFu)2 . Images 
(a,b,c,d) are height images while images (e,f,g,h) are phase images. 
 
AFM images of optimized BHJ prepared from DTGe(FBTTh2)2 and DTGe(FBTBFu)2 are shown in 
Figure 13 and compared to the corresponding DTSi analogues DTSi(FBTTh2)2 and DTSi(FBTBFu)2. 
The surface morphology is similar to that observed DTSi(FBTTh2)2, however the size of the features 
of the Ge compound is larger than the size of the features of the Si compound. While the DTSi-based 
compound exhibits bumpy features with sizes in the range of 50 to 100 nm, the DTGe-based 
compound exhibits bumpy features with sizes greater in the range of 100 to 200 nm. The surface 
roughness of DTGe(FBTTh2)2 and DTGe(FBTBFu)2 BHJ are 2.10 and 0.52 nm, respectively which 
are slightly greater than the DTSi analogues (1.55 and 0.43 nm, respectively). The slightly rougher 
surface observed in AFM images is consistent with the larger size and greater density of crystalline 
features observed in TEM images of the DTGe compounds.
(a) (b) (c) (d)
(e) (f) (g) (h)
R ~ 1.55 nm R ~ 2.10 nm R ~ 0.43 nm R ~ 0.52 nm
DTSi(FBTTh2)2 DTSi(FBTBFu)2DTGe(FBTTh2)2 DTGe(FBTBFu)2
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1.2.5. Solar Cells Characteristics 
 
Figure 14. Schematic diagrams showing conventional and inverted architectures used in this study 
 
Solar cell devices were prepared from DTGe(FBTTh2)2 and DTGe(FBTBFu)2 and compared to the 
corresponding DTSi analogues DTSi(FBTTh2)2 and DTSi(FBTBFu)2. J-V curves and EQE for 
optimal devices are reported in Figure 15, while a summary of the device parameters is included in 
Table 4 and 5. Each material was optimized by exploring five blend ratios (3:7, 4:6, 5:5, 6:4 and 7:3), 
three annealing temperatures (80, 110, and 140 oC) and three solvent additives (1-chloronaphthalene 
(CN), 1,8-diodooctane (DIO) and diphenylether (DPE). The device properties of the DTGe-based 
compounds were found to follow the device characteristics of the DTSi-based compounds. For 
DTGe(FBTTh2)2 optimal processing conditions included a 6:4 blend ratio, 0.4% DIO solvent additive 
and an annealing step at 70 to 80 oC – the same optimal conditions used to process DTSi(FBTTh2)2. 
conventional
inverted
(a)
(b) (c) Al
Conventional
Inverted
conventional
inverted
(a)
(b) (c) Al
Conventional
Inverted
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Figure 15. Solar cells characteristics of optimized devices. (a) J–V curves under 100 mW cm–2 
simulated solar irradiation comparing each material. (b) External quantum efficiency corresponding to 
each material. (c) J–V curves under 100 mW cm–2 simulated solar irradiation comparing conventional 
architecture, inverted architecture and a ZnO optical spacer for devices based on 
DTGe(FBTTh2)2:PC71BM active layers. (d) KIER-certified J–V characteristics of the 
DTGe(FBTTh2)2:PC71BM solar cell using a ZnO optical spacer. 
 
The characteristics of devices prepared with the ZnO optical spacer was certified at the Korea Institute 
of Energy Research (KIER) and found to be 6.8%. 
Although the PCE measured at KIER is slightly lower than the PCE measured in our laboratory, this 
difference is consistent with a small degradation in JSC and FF while the devices were transported for 
certification; J-V characteristics and an image of the certificate can be found in Figure 15d. 
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Table 3. Summary of solar cell parameters for DTGe(FBTTh2)2. 
a) 
a) The solar cell performance of more than 5 devices were tested in nitrogen; b) Average values are reported in 
parentheses underneath the best observed values. 
 
Optimal processing conditions for DTGe(FBTBFu)2 were found to include a 5:5 blend ratio, with 
0.4% DIO additive, identical to the optimal processing conditions for DTSi(FBTBFu)2. 
DTGe(FBTTh2)2 produced a slightly higher average short circuit current (JSC) of 14.9 mA/cm2 
compared to an average JSC of 14.2 observed in the case of DTSi(FBTTh2)2. The increased current 
observed in DTGe(FBTTh2)2 is closed to the experimental error in JSC measurement, however, a small 
increase is also reflected in the EQE spectrum of the DTGe-containing compound, which is slightly 
higher for the DTGe molecule than the DTSi molecule for films with identical thickness. Because the 
absorption onset and band gap of both DTSi and DTGe molecules are almost identical, the increase in 
EQE must be attributed to either an increase in optical density, or an increase in internal quantum 
efficiency. Although the difference in extinction coefficient between DTGe(FBTTh2)2, was close to 
the experimental error of the measurement, a slightly greater optical density was observed in the 
absorption properties of DTGe(FBTTh2)2 as shown in Figure 10. Additionally, TEM images of 
optimized DTGe(FBTTh2)2 films appeared to show a slightly greater density of truncated needle-like 
features than the Si analogue in TEM images. 
Material Ratio 
(D:A) 
Additive Annealing  
(oC) 
JSC 
(mA/cm2) 
VOC 
(V) 
FF PCE 
(%) 
DTGe(FBTTh2)2 3:7 None As-cast 
5.2 
(4.5)b) 
0.520 
(0.531) 
0.281 
(0.292) 
0.76 
(0.69) 
 4:6 None As-cast 
8.7 
(8.0) 
0.598 
(0.612) 
0.316 
(0.314) 
1.65 
(1.54) 
 5:5 None As-cast 
9.0 
(8.4) 
0.599 
(0.608) 
0.299 
(0.297) 
1.61 
(1.52) 
 6:4 None As-cast 
8.5 
(8.0) 
0.656 
(0.665) 
0.290 
(0.291) 
1.62 
(1.55) 
 6:4 None 80 
12.4 
(11.9) 
0.747 
(0.745) 
0.447 
(0.441) 
4.12 
(3.92) 
 6:4 0.4% DIO As-cast 
14.6 
(14.9) 
0.673 
(0.650) 
0.460 
(0.459) 
4.52 
(4.44) 
 6:4 0.4% DIO 80 
15.4 
(14.9) 
0.733 
(0.731) 
0.566 
(0.569) 
6.40 
(6.20) 
 7:3 None As-cast 
6.8 
(6.6) 
0.658 
(0.641) 
0.294 
(0.296) 
1.31 
(1.26) 
DTSi(FBTTh2)2 6:4 0.4% DIO 80 
14.3 
(14.2) 
0.767 
(0.755) 
0.597 
(0.583) 
6.53 
(6.25) 
32 
 
Table 4. Summary of solar cell parameters for DTGe(FBTBFu)2. 
a) 
Material Ratio 
(D:A) 
Additive Annealing  
(oC) 
JSC 
(mA/cm2) 
VOC 
(V) 
FF PCE 
(%) 
DTGe(FBTBFu)2 3:7 None As-cast 
4.4 
(4.4)b) 
0.738 
(0.740) 
0.345 
(0.334) 
1.12 
(1.08) 
 4:6 None As-cast 
6.1 
(5.7) 
0.743 
(0.757) 
0.290 
(0.292) 
1.31 
(1.26) 
 5:5 None As-cast 
8.6 
(8.6) 
0.840 
(0.810) 
0.328 
(0.332) 
2.37 
(2.32) 
 5:5 None 80 
7.5 
(6.9) 
0.837 
(0.832) 
0.328 
(0.315) 
2.07 
(1.83) 
 5:5 0.4% DIO As-cast 
9.1 
(8.7) 
0.801 
(0.803) 
0.363 
(0.350) 
2.66 
(2.45) 
 5:5 0.4% DIO 80 
7.4 
(7.2) 
0.777 
(0.778) 
0.290 
(0.285) 
1.67 
(1.59) 
 6:4 None As-cast 
7.5 
(6.6) 
0.813 
(0.850) 
0.315 
(0.306) 
1.92 
(1.71) 
 7:3 None As-cast 
4.4 
(4.0) 
0.791 
(0.806) 
0.312 
(0.309) 
1.08 
(1.01) 
DTSi(FBTBFu)2 5:5 0.4% DIO As-cast 
9.1 
(8.5) 
0.796 
(0.811) 
0.339 
(0.340) 
2.46 
(2.35) 
a) The solar cell performance of more than 5 devices were tested in nitrogen; b) Average values are reported in 
parentheses underneath the best observed values. 
 
Molecules with BFu end-capping groups were designed with the intention of increasing the open 
circuit voltage (VOC) via stabilization of the HOMO band. BFu has previously been shown to lead to 
an increase in VOC when it has been used to substitute Th2 via deepening of the HOMO band.[9] While 
the Ge cored molecule with Th2 end-capping groups produced VOCs in the range of 520 to 770 mV, 
(with the optimal device showing a VOC of 733 mV), the BFu terminated materials indeed show higher 
VOCs in the range of 740 to 850 mV, (with an optimized device producing a VOC of 801 mV). This 
increase in VOC is consistent with the stabilization of the HOMO band predicted by DFT. Although the 
VOC was increased with BFu substitution, λonset was significantly blue-shifted from 758 to 700 nm 
upon substitution, leading to narrower light absorption and a reduced JSC. As evidenced by the 
decreases in overall EQE and fill factor (FF), it is clear that BFu substitution has additional negative 
impact on the device properties, which likely arise from changes to the BHJ morphology of the 
materials. As observed in the TEM images in Figure 12, the BFu capped molecule does not form the 
desirable needle-like structures that are observed with the hexylbithiophene capped molecule.
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Table 5. Detailed device characteristics for solar cells based on DTSi(FBTBFu)2 
a) 
Material Ratio 
(D:A) 
Additive Annealing  
(oC) 
JSC 
(mA/cm2) 
VOC 
(V) 
FF PCE 
(%) 
DTSi(FBTBFu)2 3:7 None As-cast 
7.7 0.712 0.313 1.71 
(7.4) b) (0.680) (0.303) (1.53) 
 4:6 None As-cast 
9.2 0.741 0.312 2.12 
(8.7) (0.710) (0.305) (1.90) 
 5:5 None As-cast 
8.5 0.818 0.314 2.19 
(8.4) (0.777) (0.309) (2.01) 
 5:5 None 80 
7.7 0.771 0.307 1.82 
(7.7) (0.699) (0.307) (1.65) 
 5:5 
0.4% 
DIO 
As-cast 
9.1 0.796 0.339 2.46 
(8.5) (0.811) (0.340) (2.35) 
 5:5 
0.4% 
DIO 
80 
8.3 0.834 0.339 2.34 
(8.1) (0.743) (0.324) (1.97) 
 6:4 None As-cast 
6.3 0.828 0.301 1.58 
(6.2) (0.798) (0.296) (1.48) 
 7:3 None As-cast 
5.1 0.832 0.322 1.36 
(4.8) (0.767) (0.302) (1.12) 
a)The solar cell performance of more than 5 devices were tested in nitrogen. b)Average values are 
reported in parentheses underneath the best observed values 
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Figure 16. Stability of DTGe(FBTTh2)2 solar cell devices with different architectures after 
encapsulation (epoxy / glass cover slip) and continuous exposure to simulated AM1.5G solar 
irradiation (1000 W/m2). 
 
Figure 16 shows the plots of PCE stability over time using different architectures.
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Table 6. Summary of solar cell parameters for optimized DTGe(FBTTh2)2:PC71BM with different 
architectures. 
 
 
In recent reports by Heeger and coworkers, it was shown that DTSi(FBTTh2)2 performed well in an 
inverted device architecture,[10] while a significant increase in performance was obtained using a 
zinc oxide optical spacer.[11]   
In order to investigate whether these improved device architectures could be applied to 
DTGe(FBTTh2)2, devices were prepared using an inverted architecture (ITO/ZnO/polyethylenimine, 
80% ethoxylated (PEIE)/DTGe(FBTTh2)2:PC71BM/MoO3/Ag) as well as with Poly(3,4-
ethylenedioxythiophene) Polystyrene sulfonate (PEDOT:PSS) and a ZnO optical spacer 
(ITO/PEDOT:PSS/DTGe(FBTTh2)2:PC71BM/ZnO/Al) using slightly modified versions of previously 
reported procedures. Inverted devices yielded characteristics including a JSC of 14.9 mA/cm2, a VOC of 
747 mV, a FF of 56.7% and a PCE of 6.3%; similar to the conventional architecture. Devices in the 
conventional architecture using a ZnO optical spacer showed significant improvement in FF 
compared to control devices, with the best performing devices exhibiting a JSC of 14.6 mA/cm2, a VOC 
of 764 mV, a FF of 65.3% and a PCE of 7.3% (Figure 15c). 
Architecture JSC 
(mA/cm2) 
VOC 
(V) 
FF 
(%) 
PCE 
(%) 
ITO/PEDOT:PSS/ 
DTGe(FBTTh2)2:PC71BM/Ala) 
14.7 
(14.3) b) 
0.760 
(0.759) 
56.9 
(57.0) 
6.3 
(6.2) 
ITO/PEDOT:PSS 
DTGe(FBTTh2)2:PC71BM/ZnO/Al 
14.6 
(14.2) 
0.764 
(0.766) 
65.3 
(65.2) 
7.3 
(7.1) 
ITO/ZnO/PEIE/ 
DTGe(FBTTh2)2:PC71BM/MoO3/Ag 
14.9 
(14.6) 
0.743 
(0.746) 
57.1 
(56.9) 
6.3 
(6.2) 
a) These control devices were prepared alongside the devices with different architectures. b) Average values are 
reported in parentheses underneath the best observed values. 
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Chapter 2. Introduction of Thiophene Spacer to DTGe(FBTTh2)2 
 
 
 
Figure 17. Chemical structure of small molecules 
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2.1. Introduction 
Studies of solution processed conjugated small molecules have been explored for a number of years 
attracting a lot of interest in the field of organic solar cells (OSCs) and attained with successive 
increase in power conversion efficiency (PCE) over 10%. Many structure engineering of donor 
skeleton are still being studied and judicious choice of optimal structure could increase device 
performance soon. Fortunately for us, combination of electron donating unit (D) and electron 
accepting unit (A) provide ease of tuning energy level of conjugated structure,. Thanks to its relatively 
high solubility in common organic solvents and easier producibility, small molecule-containing donor 
materials have high potential comparable to those of conjugated polymers. In accordance with this 
matter, many studies are exemplified in the work, trying constantly to improve the performance of 
small-molecule containing OSCs. In this perspective, we have developed the structure and 
investigated in-depth analysis of DTGe(FBTTh2)2 compound, which shows high PCE over 7%. Here, 
we introduce thiophene unit to the two different point of DTGe(FBTTh2)2, rake into the change of the 
donating properties of modified structure while maintaining the conjugated length and molecular 
weight identically. Dithienogermole (DTG) which is electron donating building block is located on 
the center of whole small molecule skeleton. Here are the several reasons we introduce the thiophene 
unit; (i) DTGe(FBTTh2)2 has relatively good solubility to facilitates increased pi-conjugated length 
without introducing alkyl chain. (ii) A thiophene unit is generally known for having the donating 
nature that can flow electron from it to the electron deficient unit. By inserting a thiophene unit, it 
could encumber donating property of the whole small molecule system as depicted in Fig. X, where 
red line represent electron-rich aromatic moieties relative to 5-fluorobenzo[c][1,2,5]thiadiazole (FBT).  
Consequently, a series of two dithieno[3,2-b;2’,3’-d]germole-based small molecules have been 
successfully synthesized and characterized. In this paper, by introducing simple thiophene unit with 
systematic study of two set of molecular structure, we have laid the foundation of how donating 
bundle influence frontier orbital energy levels, solubility characteristics, thermal transitions, 
crystalline structure, and so on. 
38 
 
2.2. Results and discussion 
2.2.1. Synthesis and Characterization 
 
Figure 18. UV–vis absorption spectra of DTGe(FBTTh2)2, DTGe(ThFBTTh2)2 and DTGe(FBTTh3)2 
in chloroform 
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Figure 19. Frontier orbital geometries of (a) DTGe(ThFBTTh2)2 and (b) DTGe(FBTTh3)2 calculated 
by density functional theory. 
Thin-Film Microstructure Analysis 
 
Figure 20. Transmission electron microscope images J-V characteristics of 7:3 
DTGe(ThFBTTh2)2:PC71BM (a-c) and 5:5 DTGe(FBTTh3)2:PC71BM (d-f) bulk heterojunctions. 
Images (a, d) correspond to as-cast films; images (b, e) correspond to films thermally annealed at 120 
oC while images (c, f) correspond to SVA films. 
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2.2.2. Solar cell characteristics 
 
 
Figure 21. (a) EQE spectra of 7:3 DTGe(ThFBTTh2)2:PC71BM devices after thermal and solvent 
vapor annealing and (b) 5:5 DTGe(FBTTh3)2:PC71BM devices. 
 
Solar cells were fabricated from mixtures of DTGe(ThFBTTh2)2 and DTGe(FBTTh3)2 with PC71BM 
as an acceptor. J-V curves and EQE spectra corresponding to different blend ratios of each material 
with PC71BM are reported in Figure 21, while device characteristics for DTGe(ThFBTTh2)2 and 
DTGe(FBTTh3)2 are summarized in Tables 7 and 8, respectively. Blend ratios of 3:7, 4:6, 5:5, 6:4 and 
7:3 were explored for mixtures of both DTGe(ThFBTTh2)2 and DTGe(FBTTh3)2 with PC71BM, while 
annealing temperatures in the range of 80 to 120 oC were investigated. Without thermal annealing, the 
optimal blend ratio for DTGe(ThFBTTh2)2 was found to be 6:4, and exhibited a short-circuit current 
(JSC), open circuit voltage (VOC) and fill factor (FF) of 5.1 mA/cm2, 0.567 V and 27.3%, respectively, 
yielding a modest power conversion efficiency of 0.79%. Thermal annealing was found to 
dramatically improve the device characteristics for all blend ratios. Optimal performance with 
DTGe(ThFBTTh2)2 was achieved after thermal annealing the 7:3 ratio at 100 oC for 10 min. These 
conditions led to devices with a JSC, VOC and FF of 8.3 mA/cm2, 0.670 V and 52.2%, respectively, 
corresponding to a dramatically improved power conversion efficiency of 2.9% relative to the as-cast 
device. 
 
 
 
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
-12
-10
-8
-6
-4
-2
0
2
4
6
 3:7
 4:6
 5:5
 6:4
 7:3
J
 (
m
A
/c
m
2
)
Potential (V)
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
-12
-10
-8
-6
-4
-2
0
2
4
6
 As-cast
 80 
o
C
 100 
o
C
 120 
o
C
J
 (
m
A
/c
m
2
)
Potential (V)
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
-12
-10
-8
-6
-4
-2
0
2
4
6
J
 (
m
A
/c
m
2
)
Potential (V)
 As-cast
 80 
o
C
 100 
o
C
 120 
o
C
 130 
o
C
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
-12
-10
-8
-6
-4
-2
0
2
4
6
J
 (
m
A
/c
m
2
)
Potential (V)
 3:7
 4:6
 5:5
 6:4
 7:3
DTGe(ThFBTTh2)2 DTGe(ThFBTTh2)2
DTGe(FBTTh3)2 DTGe(FBTTh3)2
(a)
(d)
(b)
(e)
300 400 500 600 700 800
0
10
20
30
40
50
60
70
 5:5 As-cast
 5:5 120 
o
C
 5:5 SVA
E
Q
E
 (
%
)
Wavelength (nm)
(c)
(f)
300 400 500 600 700 800
0
10
20
30
40
50
60
E
Q
E
 (
%
)
Wavelength (nm)
 7:3 As-cast
 7:3 120 
o
C
 7:3 SVA
DTGe(ThFBTTh2)2
DTGe(FBTTh3)2
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
-12
-10
-8
-6
-4
-2
0
2
4
6
 3:7
 4:6
 5:5
 6:4
 7:3
J
 (
m
A
/c
m
2
)
Potential (V)
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
-12
-10
-8
-6
-4
-2
0
2
4
6
 As-cast
 80 
o
C
 100 
o
C
 120 
o
C
J
 (
m
A
/c
m
2
)
Potential (V)
-0.4 -0.2 0. 0.2 0.4 .6 0.8 1.0
-12
-10
-8
-6
-4
-2
0
2
4
6
J
 (
m
A
/c
m
2
)
Potential (V)
 As-cast
 80 
o
C
 100 
o
C
 120 
o
C
 130 
o
C
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
-12
-10
-8
-6
-4
-2
0
2
4
6
J
 (
m
A
/c
m
2
)
Potential (V)
 3:7
 4:6
 5:5
 6:4
 7:3
DTGe(ThFBTTh2)2 DTGe(ThFBTTh2)2
DTGe(FBTTh3)2 DTGe(FBTTh3)2
(a)
(d)
(b)
(e)
300 400 500 600 700 800
0
10
20
30
40
50
60
70
 5:5 As-cast
 5:5 120 
o
C
 5:5 SVA
E
Q
E
 (
%
)
Wavelength (nm)
(c)
(f)
300 400 500 600 700 800
0
10
20
30
40
50
60
E
Q
E
 (
%
)
Wavelength (nm)
 7:3 As-cast
 7:3 120 
o
C
 7:3 SVA
DTGe(ThFBTTh2)2
DTGe(FBTTh3)2
(a) (b)
41 
 
Table 7. Solar cell characteristics of DTGe(ThFBTTh2)2 devices. 
Ratio Additive 
Anneal JSC VOC FF PCE 
(oC) (mA/cm2) (V) 
 
(%) 
3:7 none As-cast 3.915 0.516 0.305 0.617 
3:7 none 80 4.523 0.618 0.310 0.867 
3:7 none 100 4.388 0.675 0.294 0.870 
3:7 none 120 0.003 0.660 0.192 0.000 
4:6 none As-cast 4.441 0.529 0.296 0.694 
4:6 none 80 4.811 0.634 0.296 0.903 
4:6 none 100 4.015 0.615 0.351 0.866 
4:6 none 120 5.064 0.651 0.428 1.412 
5:5 none As-cast 4.391 0.572 0.291 0.732 
5:5 none 80 5.506 0.631 0.263 0.914 
5:5 none 100 6.497 0.622 0.366 1.476 
5:5 none 120 7.658 0.675 0.349 1.803 
6:4 none As-cast 5.076 0.567 0.273 0.785 
6:4 none 80 7.802 0.639 0.314 1.565 
6:4 none 100 9.486 0.641 0.432 2.626 
6:4 none 120 8.005 0.675 0.379 2.046 
7:3 none As-cast 4.395 0.585 0.284 0.730 
7:3 none 80 7.589 0.668 0.466 2.361 
7:3 none 100 8.334 0.670 0.522 2.915 
7:3 none 120 6.365 0.688 0.446 1.951 
 
 
The optimal blend ratio for as-cast DTGe(FBTTh3)2 devices was found to be 6:4, which exhibited a 
JSC, open circuit voltage VOC and fill factor FF of 5.1 mA/cm2, 0.567 V and 27.3%, respectively, 
yielding a modest power conversion efficiency of 0.79%. Similar to DTGe(ThFBTTh2)2, thermal 
annealing was found to dramatically improve the device characteristics for all blend ratios. Optimal 
performance with DTGe(ThFBTTh2)2 was achieved after thermal annealing the 5:5 ratio at 120 oC for 
10 min. These conditions led to devices with a JSC, VOC and FF of 10.1 mA/cm2, 0.752 V and 41.6%, 
respectively, corresponding to a dramatically improved power conversion efficiency of 3.16%. 
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Table 8. Solar cell characteristics of DTGe(FBTTh3)2 devices. 
Ratio Additive 
Anneal JSC VOC FF PCE 
(oC) (mA/cm2) (V) 
 
(%) 
3:7 none As-cast 6.474 0.648 0.264 1.107 
3:7 none 80 8.725 0.701 0.304 1.863 
3:7 none 100 8.408 0.730 0.387 2.376 
3:7 none 120 10.623 0.658 0.340 2.374 
4:6 none As-cast 6.858 0.667 0.244 1.117 
4:6 none 80 6.875 0.715 0.295 1.449 
4:6 none 100 8.470 0.757 0.388 2.488 
4:6 none 120 8.247 0.691 0.375 2.137 
5:5 none As-cast 6.908 0.648 0.271 1.214 
5:5 none 80 9.280 0.743 0.291 2.006 
5:5 none 100 9.48 0.758 0.302 2.17 
5:5 none 110 10.10 0.769 0.362 2.81 
5:5 none 120 10.64 0.753 0.404 3.24 
5:5 none 130 9.36 0.721 0.430 2.90 
6:4 none As-cast 6.680 0.645 0.293 1.262 
6:4 none 80 6.109 0.685 0.323 1.350 
6:4 none 100 7.676 0.768 0.413 2.435 
6:4 none 120 8.399 0.704 0.456 2.693 
7:3 none As-cast 1.702 0.428 0.211 0.153 
7:3 none 80 2.112 0.581 0.202 0.248 
7:3 none 100 3.617 0.719 0.302 0.785 
7:3 none 120 6.904 0.726 0.468 2.347 
 
 
Many techniques have been developed to promote the formation of desirable morphologies in bulk 
heterojunction solar cells. Two highly effective methods include solvent additives [12] and solvent 
vapor annealing (SVA) [13]. Chloronaphthalene, diiodooctane and diphenyl ether were investigated 
with both DTGe(ThFBTTh2)2 and DTGe(FBTTh3)2 however, no significant improvement in 
photovoltaic parameters was observed. SVA with CH2Cl2, however, was found to significantly 
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improve the performance of both materials relative to pristine films, and in the case of 
DTGe(ThFBTTh2)2 yielded better performance than thermal annealing. Device characteristics for 
both materials processed by solvent SVA with CH2Cl2 vapor for various amounts of time are reported 
in Table 8. Optimal SVA processing time for DTGe(ThFBTTh2)2 devices was 80 seconds, yielding 
devices with a JSC, VOC and FF of 11.8 mA/cm2, 0.540 V and 56.2%, respectively, corresponding to a 
dramatically improved power conversion efficiency of 3.60%. Optimal SVA processing time for 
DTGe(FBTTh3)2 devices was also 80 seconds, however the performance of these devices was 
somewhat less than the devices processed by thermal annealing, including a JSC, VOC and FF of 9.5 
mA/cm2, 0.613 V and 51.8%, respectively, corresponding to a power conversion efficiency of 3.03%. 
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Table 9. Solar cell characteristics of DTGe(ThFBTTh2)2 and DTGe(FBTTh3)2 devices processed with 
CH2Cl2 vapor. 
Material 
D:A SVA JSC VOC FF PCE 
ratio (seconds) (mA/cm2) (V) 
 
(%) 
DTGe(ThFBTTh2)2 7:3 0 4.516 0.630 0.277 0.790 
DTGe(ThFBTTh2)2 7:3 10 11.154 0.595 0.373 2.476 
DTGe(ThFBTTh2)2 7:3 20 12.736 0.584 0.447 3.329 
DTGe(ThFBTTh2)2 7:3 40 11.513 0.567 0.495 3.229 
DTGe(ThFBTTh2)2 7:3 80 11.843 0.540 0.562 3.595 
DTGe(FBTTh3)2 5:5 0 7.613 0.649 0.360 1.782 
DTGe(FBTTh3)2 5:5 10 7.731 0.591 0.339 1.550 
DTGe(FBTTh3)2 5:5 20 7.344 0.513 0.324 1.222 
DTGe(FBTTh3)2 5:5 40 10.138 0.570 0.327 1.889 
DTGe(FBTTh3)2 5:5 80 9.548 0.613 0.518 3.029 
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Conclusion 
In chapter 1, two small molecule donor materials (DTGe(FBTTh2)2 and DTGe(FBTBFu)2) 
incorporating the dithienogermole (DTGe) moiety with fluorobenzothiadiazole (FBT) and bithiophene 
(Th2) and benzofuran (BFu) end-capping groups have been synthesized and their properties as donor 
materials in small molecule bulk heterojunction type (BHJ) solar cells were  systematically  
investigated. The DTGe(FBTTh2)2 with Th2 end groups shows outstanding solar cell characteristics 
with efficiencies up to 6.4% using a standard BHJ architecture and 7.3% using a ZnO optical spacer, 
while the BFu end-capped DTGe(FBTBFu)2  has slightly wider band gaps and yields slightly higher 
open circuit voltages (VOC) at the expense of poorer short circuit currents (JSC) and fill factors (FF). In 
the course of this study, the DTGe-based molecules were systematically compared to the 
dithienosilole (DTSi)-based analogues, which are currently among the highest power conversion 
efficiency (PCE) small molecule solar cell donor materials known. The JSC produced by the DTGe 
molecule is found to be similar to, or slightly higher than the Si analogue, despite similar absorption 
characteristics, however, the PCE is similar to the Si analogues due to small decreases in VOC and FF. 
This report marks the first small molecule BHJ based on a Ge-containing heterocycle with PCE over 
7%. In Chapter 2, Optimal SVA processing time for DTGe(ThFBTTh2)2 devices was 80 seconds, 
yielding devices with a JSC, VOC and FF of 11.8 mA/cm2, 0.540 V and 56.2%, respectively, 
corresponding to a dramatically improved power conversion efficiency of 3.60%. Optimal SVA 
processing time for DTGe(FBTTh3)2 devices was also 80 seconds, however the performance of these 
devices was somewhat less than the devices processed by thermal annealing, including a JSC, VOC and 
FF of 9.5 mA/cm2, 0.613 V and 51.8%, respectively, corresponding to a power conversion efficiency 
of 3.03%.
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Chapter 3. Experimental Section 
All starting materials were purchased either from Aldrich or Acros and used without further 
purification and all intermediates have been previously reported. THF was distilled over 
sodium/benzophenone. 1H NMR and 13C NMR spectra were recorded on a 400–MR DD2 (Agilent) 
spectrophotometer using CDCl3 as solvent and tetramethylsilane (TMS) as the internal standard and 
MALDI MS spectra were obtained from Ultraflex III (Bruker, Germany). UV-VIS-NIR spectra were 
taken on Cary 5000 (Varian USA) spectrometer at room temperature and DSC measurements were 
performed on Q200 (TA instrument USA). EA was carried out with Flash 2000 (Thermo Scientific, 
Netherlands). DFT calculations were employed using B3LYP/6-311G. Cyclic voltammetry (CV) 
measurements were performed on AMETEK VersaSTAT 3 with three-electrodes: silver wire 
pseudoreference electrode, platinum wire counter electrode and glassy carbon working electrode. 
Glassy carbon electrode was polished alumina (1, 0.3 μm) before use. Chloroform was used as a 
solvent with 0.1M of tetrabutylammonium hexafluorophosphate (TBAPF6) as a supporting electrolyte. 
The measurements were done at an analyte concentration of 1~2mg/ml with a scan rate of 0.1 V/s in a 
nitrogen bubbled. The HOMO energy levels were obtained from the equation HOMO= –(Eoxonset – 
E(ferrocene)onset + 4.88) eV. The LUMO levels of polymers were obtained from the equation LUMO= –
(Eredonset – E(ferrocene)onset + 4.88) eV. Atomic force microscopy was carried out using a Veeco 
Multimode microscope in tapping mode with Si tips having a resonant frequency of 300 kHz. 
Experiments at PLS-II 9A U-SAXS beamline were supported in part by MEST and POSTECH. TEM 
images were collected using a JEM-2100F (Cs corrector) HR-TEM using lacey carbon grids 
(purchased from Ted Pella) using defocusing values of ~2030 μm. 
Synthesis of 7-(benzofuran-2-yl)-4-bromo-5-fluorobenzo[c][1,2,5]thiadiazole (BrFBTBFu)  (1):  
 
In a N2 filled glove box, a 30 mL microwave tube was charged   with 4,7-Dibromo-5-
fluorobenzo[c][1,2,5]thiadiazole (FBTBr2, 1g, 3.22 mmol), benzofuran-2-yltrimethylstannane 
(Me3SnBFu, 1g, 3.55 mmol), Pd(PPh3)4 (186 mg, 0.16 mmol) and toluene (15 mL), and sealed with a 
Teflon® cap. The reaction mixture was heated to 80 oC for 48 h. Upon cooling, the material was then 
loaded onto silica and purified by flash chromatography using a hexanes/chloroform gradient to afford 
0.78 g (70%) of (1) as orange solid. 1H NMR (400MHz, CDCl3, δ): 8.17 (s, 1H, CH), 8.11 (d, 1H, 
CH), 7.72 (d, 1H, CH), 7.57 (d, 1H, CH), 7.42 (t, 1H, CH), 7.31 (t, 1H, CH). 13C NMR (100MHz, 
47 
 
CDCl3, δ): 162.14, 159.64, 154.79, 149.65, 147.95, 134.38, 129.99, 126.16, 123.41, 122.07, 121.53, 
116.01, 111.25, 110.75. 
Synthesis of 7,7'-(4,4-Bis(2-ethylhexyl)-4H-germolo[3,2-b:4,5-b']dithiophene-2,6-diyl)bis(6-fluoro-4-
(5'-hexyl-[2,2'-bithiophen]-5-yl)benzo[c][1,2,5]thiadiazole) (DTGe(FBTTh2)2) (2):  
 
In a N2 filled glove box, a 30 mL microwave tube was charged with 5,5’-bis(trimethylstannyl)-3,3’-
di-2-ethylhexylgermolo-2,2’-bithiophene (Me3Sn-DTGe-SnMe3, 300 mg, 0.38 mmol), 4-bromo-5-
fluoro-7-(5’-hexyl-[2,2’-bithiophene]-5-yl)benzo[c][1,2,5]thiadiazole (366mg, 0.76mmol), Pd(PPh3)4 
(22 mg, 0.019 mmol) and toluene (10 mL), and sealed with a Teflon® cap. The reaction mixture was 
heated to 100 oC for 1 minute, 125 oC for 1 minute, 140 oC for 10 minutes, 150 oC for 10 minutes, and 
160 oC for 10 minutes using a Biotage microwave reactor. Upon cooling, the material was then loaded 
onto silica, washed with methanol and purified by flash chromatography using a hexanes/chloroform 
gradient in duplicate. After fraction collection and solvent removal a metallic purple solid was 
obtained. The solid was slurried in a 3:1 mixture of methanol and hexanes, sonicated for 1 hour and 
stirred overnight. The suspension was filtered, washed with acetone. And the recrystallization was 
carried out with dichloromethane and hexanes. The product was filtered to afford 150 mg (Isolated 
yield = 31%) of DTGe(FBTTh2)2 as purple solid. 1H NMR (400MHz, CDCl3, δ): 8.33 (t, 2H, CH), 
7.98 (d, 2H, CH), 7.68 (d, 2H, CH), 7.14 (d, 2H, CH), 7.08 (d, 2H, CH), 6.70 (d, 2H, CH), 2.81 (t, 4H, 
CH2), 1.70 (m, 4H, CH2), 1.63 (br m, 2H, CH2), 1.54 (br m, 4H, CH2), 1.40 (br m, 16H, CH2) 1.24 (br 
m, 8H, CH2), 1.14 (br m, 4H, CH2), 0.90 (m, 6H, CH3), 0.85 (br m, 12H, CH3). 13C NMR(100MHz, 
CDCl3, δ): 157.20, 153.25, 149.66, 149.39, 146.34, 145.59, 140.27, 136.02, 134.34, 128.92, 124.99, 
124.39, 123.96, 123.76, 115.89, 111.62, 37.11, 35.66, 31.57, 31.52, 30.23, 29.09, 28.78, 23.08, 22.58, 
20.92, 14.18, 14.08, 10.91.  Elemental Analysis Calc. for C64H72F2GeN4S8: C 60.79, H 5.74, N 4.43; 
Found C 60.75, H 5.51, N 4.45. MALDI-TOF MS: Calcd. for 1264.44; Found: 1263.40. 
Synthesis of 7,7'-(4,4-bis(2-ethylhexyl)-4H-germolo[3,2-b:4,5-b']dithiophene-2,6-diyl)bis(4-
(benzofuran-2-yl)-6-fluorobenzo[c][1,2,5]thiadiazole) (DTGe(FBTBFu)2) (3):  
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In a N2 filled glove box, a 30 mL microwave tube was charged with 5,5’-bis(trimethylstannyl)-3,3’-
di-2-ethylhexylgermolo-2,2’-bithiophene  (Me3Sn-DTGe-SnMe3, 250 mg, 0.32 mmol), 7-
(benzofuran-2-yl)-4-bromo-5-fluorobenzo[c][1,2,5]thiadiazole (BrFBTBFu, 221.3 mg, 0.63 mmol), 
Pd(PPh3)4 (18 mg, 0.016 mmol) and toluene (10 mL), and sealed with a Teflon® cap. The reaction 
procedure and purification were followed by using the same methods as those used for 
DTGe(FBTTh2)2. The product was isolated as a deep blue solid. Isolated yield = 130 mg (40%). 1H 
NMR (400MHz, CDCl3, δ): 8.40 (t, 2H, CH), 8.11 (d, 2H, CH), 7.69 (d, 2H, CH), 7.56 (d, 2H, CH), 
7.36 (d, 2H, CH), 7.27 (d, 4H, CH), 1.65 (t, 2H, CH), 1.54 (m, 4H, CH2), 1.42 (br m, 4H, CH2), 1.40 
(br m, 4H, CH2), 1.24 (br m, 8H, CH2), 0.86 (m, 12H, CH3). 13C NMR(100MHz, CDCl3, δ): 162.00, 
160.32, 157.40, 156.63, 155.93, 155.06, 152.51, 151.53, 148.55, 136.42, 132.04, 128.30, 125.91, 
124.48, 122.85, 119.43, 113.77, 112.32, 39.77, 38.32, 31.75, 31.45, 25.73, 23.60, 16.83, 13.56. 
Elemental Analysis Calc. for C52H48F2GeN4O2S4: C 62.46, H 4.84, N 5.60; Found: C 62.58, H 4.72, N 
5.60. MALDI-TOF MS: Calcd. for 999.86; Found: 999.95. 
Synthesis of 7,7'-(4,4-Bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b']dithiophene-2,6-diyl)bis(6-fluoro-4-(5'-
hexyl-[2,2'-bithiophen]-5-yl)benzo[c][1,2,5]thiadiazole) (DTSi(FBTTh2)2) (4):  
 
In a N2 filled glove box, a 30 mL microwave tube was charged with 5,5’-bis(trimethylstannyl)-3,3’-
di-2-ethylhexylsilylene-2,2’-bithiophene (Me3Sn-DTSi-SnMe3, 250 mg, 0.32 mmol), brominated 
compound (BrFBTTTh, 257mg, 0.63 mmol), Pd(PPh3)4 (18 mg, 0.016 mmol) and toluene (10 mL), 
and sealed with a Teflon® cap. The reaction procedure and purification were followed by using the 
same methods as those used for DTGe (FBTTh2)2. 1H NMR assignment was in full agreement with 
that previously reported one.[4] 
Synthesis of 7,7'-(4,4-bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b']dithiophene-2,6-diyl)bis(4-(benzo 
furan-2-yl)-6-fluorobenzo[c][1,2,5]thiadiazole) (DTSi(FBTBFu)2) (5):  
 
In a N2 filled glove box, a 30 mL microwave tube was charged with 5,5’-bis(trimethylstannyl)-3,3’-
di-2-ethylhexylsilylene-2,2’-bithiophene (Me3Sn-DTSi-SnMe3, 250 mg, 0.32 mmol), 7-(benzofuran-
49 
 
2-yl)-4-bromo-5-fluorobenzo[c][1,2,5]thiadiazole (BrFBTBFu, 303.3 mg, 0.63 mmol), Pd(PPh3)4 (18 
mg, 0.016 mmol) and toluene (10 mL), and sealed with a Teflon® cap. The reaction procedure and 
purification were followed by using the same methods as those used for DTGe(FBTTh2)2. The 
product was recovered as a deep blue solid. Recovered yield: 120 mg (39%). 1H NMR (400MHz, 
CDCl3, δ): 8.40 (t, 2H, CH), 8.08 (d, 2H, CH), 7.65 (d, 2H, CH), 7.52 (d, 2H, CH), 7.35 (d, 2H, CH), 
7.24 (d, 4H, CH), 1.58 (br m, 2H, CH), 1.54 (br m, 4H, CH), 1.40 (br m, 4H, CH2), 1.25 (br m, 8H, 
CH2), 1.14 (br m, 4H, CH2), 0.86 (m, 12H, CH3). 13C NMR(150MHz, CDCl3, δ): 157.26, 154.74, 
152.07, 150.45, 148.86, 144.40, 133.88, 129.38, 125.66, 123.27, 121.84, 120.17, 116.81, 116.48, 
112.83, 112.67, 111.12, 109.70, 36.06, 35.82, 29.05, 28.90, 23.03, 17.81, 14.16, 10.81. Elemental 
Analysis Calc. for C52H48F2N4O2S4Si: C 65.38, H 5.06, N 5.86; Found: C 65.33, H 5.25, N 5.99. 
MALDI-TOF MS: Calcd. for 955.31; Found: 954.72. 
Synthesis of 4-bromo-5-fluoro-7-(5-(trimethylsilyl)thiophen-2-yl)benzo[c][1,2,5]thiadiazole (ii):  
 
The compound i and i’ were prepared in an anhydrous Toluene solvent under Argon condition. 
Pd(PPh3)4 was added thereto and the reaction mixture was heated to 85 oC for 24 hours. Upon cooling, 
toluene solvent was removed under vacuum evaporation and then loaded onto silica and purified by 
flash chromatography using hexane and chloroform. The light yellow product (ii) was obtained.  
Synthesis of 4-bromo-7-(5-bromothiophen-2-yl)-5-fluorobenzo[c][1,2,5]thiadiazole (ii’):  
 
 
A round-bottom flask was charged with compound ii followed by the addition of NBS via syringe 
under absence of light. The resulting solution was stirred for 24 hours at room temperature. The 
mixture was poured into H2O, and extracted with dichloromethane. The organic phase was collected 
and dried over MgSO4. The solvent was removed in vacuo and purified via column chromatography. 
The light orange solid (ii’) was obtained.  
 
Synthesis of 4-bromo-5-fluoro-7-(5''-hexyl-[2,2':5',2''-terthiophen]-5-yl)benzo[c][1,2,5]thiadiazole 
(2):  
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To a stirred solution of compound ii’ and iii in dry DMF, Pd(PPh3)4 was added under Argon. The 
reaction mixture was heated to 85 oC for 40 hours. The reaction was allowed to cool to room 
temperature and removed the solvent in vacuo. The crude compound was purified by column 
chromatography using hexanes and chloroform. The target fractions were collected and isolated pure 
product was afforded a deep red solid. 
 
Synthesis of 4-(5-bromothiophen-2-yl)-5-fluoro-7-(5'-hexyl-[2,2'-bithiophen]-5-
yl)benzo[c][1,2,5]thiadiazole (3’): 
 
To a stirred solution of compound i’ and iv in dry DMF, Pd(PPh3)4 was added under Argon. The 
reaction procedure and purification were performed with the same method as the compound 2. The 
product was recovered as a deep red solid. 
 
Synthesis of 5-fluoro-7-(5'-hexyl-[2,2'-bithiophen]-5-yl)-4-(5-(trimethylsilyl)thiophen-2-
yl)benzo[c][1,2,5]thiadiazole (3):  
 
A round-bottom flask was charged with compound 3’. The reaction procedure and purification were 
performed with the same method as the compound ii’. The product was recovered as a deep red solid. 
 
Synthesis of 7,7'-(4,4-bis(2-ethylhexyl)-4H-germolo[3,2-b:4,5-b']dithiophene-2,6-diyl)bis(6-fluoro-4-
(5''-hexyl-[2,2':5',2''-terthiophen]-5-yl)benzo[c][1,2,5]thiadiazole) (DTGe(FBTTh3)2):  
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In a N2 filled glove box, a 30mL microwave tube was charged with the compound 5,5′-
bis(trimethylstannyl)-3,3′-di-2-ethylhexylgermolo-2,2′-bithiophene (Me3Sn-DTGe-SnMe3, 300 mg, 
0.38), compound 2, Pd(PPh3)4, and sealed with a Teflon cap. The reaction mixture was heated to 100 
oC for 1 min, 125 oC for 1 min, 140 oC for 10 min, 150 oC for 10 min, and 160 oC for 60 min using a 
Biotage microwave reactor. Upon cooling, the material was then loaded onto silica, washed with 
methanol, and purified by flash chromatography using a hexanes and chloroform gradient in duplicate. 
After fraction collection and solvent removal, a metallic purple solid was obtained. The solid was 
slurried in a 3:1 mixture of methanol and hexanes, sonicated for 1 hour and stirred overnight. The 
suspension was filtered and washed with acetone. Recrystallization was carried out with 
dichloromethane and hexanes. The product was filtered to afford 150 mg (Isolated yield = 31%) of 
DTGe(FBTTh3)2 as purple solid. 
 
Synthesis of 7,7'-(5,5'-(4,4-bis(2-ethylhexyl)-4H-germolo[3,2-b:4,5-b']dithiophene-2,6-
diyl)bis(thiophene-5,2-diyl))bis(6-fluoro-4-(5'-hexyl-[2,2'-bithiophen]-5-yl)benzo[c][1,2,5]thiadiazole) 
(DTGe(TFBTTh2)2):  
 
In a N2 filled glove box, a 30mL microwave tube was charged with the compound 5,5′-
bis(trimethylstannyl)-3,3′-di-2-ethylhexylgermolo-2,2′-bithiophene (Me3Sn-DTGe-SnMe3, 300 mg, 
0.38), compound 3, Pd(PPh3)4, and sealed with a Teflon cap. The reaction procedure and purification 
were performed with the same method as the compound DTGe(FBTTh3)2. Final product of 
DTGe(TFBTTh2)2 was afforded as purple solid. 
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UNIST를 알게 되고 입학하면서 정말 많은 일들이 있었는데 벌써 2년이 지나고 석사학위 
졸업을 앞둔 시점이 되었습니다. UNIST에서의 길다면 길고 짧다면 짧은 석사 생활의 
마침표를 찍게 되어 한편으로는 뿌듯하기도 하고 또 아쉽기도 합니다.  
 
힘든 일도 많았지만, 포기하지 않도록 응원해 주시고 도움을 준 모든 분들께 감사하다는 
말씀드리고 싶습니다. 우선 실험 관련한 연구에 대한 아낌없는 조언과 격려를 해주시고 
앞날에 대해 항상 함께 걱정해 주신 저의 지도교수님인 양창덕 교수님, 부족한 저를 
이끌어 주시고 이해해 주셔서 정말 감사드립니다. 또한 석사학위 심사를 맡아주신 
김진영 교수님, 박혜성 교수님, 디펜스 동안 떨지않게 좋은 말씀 많이 해주셔서 감사 
드립니다. 이외에 공동연구를 진행한 Bright Walker 박사님, 정말 많은것을 배웠고 또 
의사소통 때문에 여러모로 힘들었을텐데 많은 도움 주셔서 감사합니다.  
아침부터 밤까지 동고동락하며 하루 종일 붙어있던 ATOMS! 모든 멤버들에게도 많은 
감사의 인사 전합니다. 그동안 선배들의 노고로 많은 성과를 이루어 주셨고 이제 다음 
세대들이 열심히 실험을 하고 있을 텐데, 많이 힘들겠지만 서로 의지하면서 좋은 연구 
하길 바랄게. 마지막으로 항상 저의 편이 되어주는 가족들과 자주 만나진 못했어도 힘이 
되던 친구들에게도 감사의 마음을 전합니다. 모두들 앞으로 좋은 일이 가득하시길 
기원합니다. 
 
모두에게 다시 한번 감사드리며, 항상 노력하는 자세로 열정을 가지고 순간마다 최선을 
다하는 사람이 되도록 하겠습니다. 감사합니다. 
